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A rotational isomeric-state model with neighbor dependence is used to calculate mean-square dipole 
moments and their temperature coefficients for dimethylsiloxane chains (CllajaSi[OSi (CH,).]zOSi (Clla) 3 
over a wide range of molecular weight. Chain conformational energies required in the calculations are 
obtained from a previous analysis of the random-coil dimensions of dimethylsiloxane chains in the limit 
of large x. Calculated dipole moments are in very good agreement with recently reported experimental 
results for oligomers corresponding to X= 1, 2, 3, and 5, at 25°, 40°, and 60°C. A simple physical picture for 
the predicted values of the dipole moments and their temperature coefficients is provided. As is the case 
in the interpretation of the dimensions of these chain molecules, the features of paramount importance are 
the inequality of the bond angles about Si and 0 atoms and the lower energy of trans, relative to gauche, 
states about Si-O and O-Si skeletal bonds. 
INTRODUCTION 
In the rotational isomeric-state representation of a 
chain molecule, each skeletal bond is assigned to one of 
a small number of discrete, rotational "states."1,2 
Since the accessibility of such states almost invariably 
depends on the rotational states of neighboring bonds, 
theoretical methods were developed to take into ac-
count this interdependence.2- s The resulting model for 
chain molecules has been remarkably successful in 
interpreting a wide variety of configuration-dependent 
properties. For example, studies have been carried out 
on (1) random-coil dimensions,9-l1 (2) dipole mo-
ments,12-14 (3) helix-coil transitions,15 (4) ring-chain 
equilibria,16 (5) stereochemical equilibriap ( 6) the 
Kerr effect,18 and (7) strain birefringence.19 ,20 
Studies on a,w-dibromo-n-alkanes,12 poly ( ethylene 
1 S. Mizushirna, Structure of Molecules and Internal Rotation 
(Academic Press Inc., New York, 1954). 
2 M. V. Volkenstein, Configurational Statistics of Polymeric 
Chains (Interscience Publishers, Inc., New York, 1963) (English 
translation) . 
3 S. Lifson, J. Chern. Phys. 30, 964 (1959). 
• T. M. Birshtein and O. B. Ptitsyn, Zh. Tekh. Fiz. 29, 1048 
(1959) [Sov. Phys.-Tech. Fiz. 4, 954 (1960)]; T. M. Birshtein, 
VysokornolekuI. Soedin. 1, 798, 1086 (1959); O. B. Ptitsyn, Usp. 
Fiz. Nauk. 69, 371 (1959) [Sov. Phys.-Usp. 2, 797 (1960)]. 
6 K. Nagai, J. Chern. Phys. 31, 1169 (1959). 
6 C. A. J. Hoeve, J. Chern. Phys. 32, 888 (1960). 
7 P. J. Flory, Proc. NatI. Acad. Sci. (U.S.) 51, 1060 (1964). 
8 P. J. Flory and R. L. Jernigan, J. Chern. Phys. 42,3509 (1965). 
g References 10-20 are to representative studies from what is now 
a very extensive body of literature. 
10 D. A. Brant and P. J. Flory, J. Am. Chern. Soc. 87, 2791 
(1965). 
11 J. E. Mark, J. Am. Chern. Soc. 89, 6829 (1967). 
12 W. J. Leonard, Jr., R. L. Jernigan, and P. J. Flory, J. Chern. 
Phys. 43, 2256 (1965). 
13 J. E. Mark and P. J. Flory, J. Am. Chern. Soc. 88, 3702 
oxide),13 and poly ( tetramethylene oxide) 21.22 have 
demonstrated that conformational energies, or statis-
tical weights, obtained from analyses of the random-coil 
dimensions of chain molecules of high molecular weight 
give predicted values of dipole moments and their 
temperature coefficients in good agreement with experi-
ment over a wide range of molecular weight. Conforma-
tional energies have been determined for poly( di-
methylsiloxane) (PDMS)23; their applicability to 
dimethylsiloxane (DMS) chains of any length has been 
demonstrated by the successful calculation of ring-
chain equilibrium constants for DMS molecules having 
degrees of polymerization ranging from 15-200.16 
Dasgupta and Smyth24 have reported experimental 
values of the dipole moments of a number of DMS 
oligomers at several temperatures. These workers have, 
however, interpreted their results using a freely rotat-
ing chain model. Agreement between theoretical and 
experimental results was forced by modification of the 
bond dipole moments for each oligomer studied. The 
unsuitability of such a model for dimethylsiloxane 
chains can readily be seen by examination of space-
filling molecular models. The abundance of interactions 
between methyl groups not only causes the various 
conformations or rotational states to differ in energy 
but also introduces interdependence, or cooperative-
ness, between such states.23 A most compelling demon-
stration of the untenability of the approximation of free 
rotation for DMS chains has been given in the case of 
their random-coil dimensions in the limit of high molec-
ular weight. Such dimensions are conveniently described 
by the characteristic ratio (r2 )0/lll2 of the mean-square 
end-to-end distance (r2)0 unperturbed by long-range 
interactions25 to the product nl2, where 1l is the number 
(1966). 
14 T. W. Bates and W. H. Stockmayer, Macromol. 1, 12 (1968). 21 J. E. Mark, J. Am. Chern. Soc. 88, 3708 (1966). 
16 W. G. Miller and P. J. Flory, J. Mol. BioI. 15, 298 (1966). 22 K. Bak, G. Elefante, and J. E. Mark, J. Phys. Chern. 71,4007 
16 P. J. Flory and J. A. Semlyen, J. Am. Chern. Soc. 88, 3209 (1967). 
(1966). 23 P. J. Flory, V. Crescenzi, and J. E. Mark, J. Am. Chern. Soc. 
17 P. J. Flory, J. Am. Chern. Soc. 89,1798 (1967). 86,146 (1964). 
18 K. Nagai and T. Ishikawa, J. Chern. Phys. 43, 4508 (1965). 24 S. Dasgupta and C. P. Smyth, J. Chern. Phys. 47, 2911 
19 K. Nagai, J. Chern. Phys. 40,2818 (1964). (1967). 
20 P. J. Flory( R. L. Jernigan, and A. E. Tonelli, J. Chern. Phys. 2. P. J. Flory, Principles of Polymer Chemistry (Cornell Univer-
48,3822 (1968). sity Press, Ithaca, N.Y., 1953). 
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of skeletal bonds in the chain and l2 is their mean-
square length. Use of a freely rotating model for PDMS 
gives (r2 )0/ nl2 = 3.3, and a temperature coefficient 
103d In(r2)0/dT=0.0.23 The experimental values are 
6.3 26 and 0.75,21 respectively. 
It is, therefore, the purpose of the present study to 
interpret experimental values of the dipole moments of 
DMS chains using a physically realistic model and in-
dependently determined conformational energies. Com-
parison of theoretical and experimental results should 
give an indication of the reliability and range of ap-
plicability of conclusions reached from the correspond-
ing analysis of the chain dimensions, an approach 
restricted to high-molecular-weight materials by the 
nature of the experimental techniques employed in 
such investigations. In addition, such calculations may 
readily be extended to predict the general dependence 
of the dipole moments of these chains on both tempera-
ture and chain length. 
THEORY 
Rotational Statistical Weight Matrices 
Each skeletal bond of the DMS chain is assigned to 
one of three rotational states: the trans (t) state and 
two gauche (g±) states, located at bond dihedral angles 
cp of 0 and ±120°, respectively.23 Generation of the 
partition function and the average values of configura-
tion-dependent properties requires statistical weight 
matrices,7,8,28,29 the elements of which are the statistical 
weights for pairs of bond conformations. These matrices 
have been established for DMS chains by analysis of 
their random-coil dimensions in the limit of high molec-
ular weight23 ; they should, of course, apply to such 
chains of any molecular weight.i6 For pairs of bonds 
meeting at an oxygen atom, the matrix is23 
( 1) 
where rows, associated with states of the Si-O bond, 
and columns, associated with the following O-Si bond, 
are indexed in the order t, g+, g. The quantity (}' is the 
statistical weight assigned to tg± and g±g± bond pairs 
relative to an assignment of unity to tt and g±t pairs.23 
The factor w is included to account for interactions in 
g±g=F conformations not present in tg± and g±g± states. 
The corresponding matrix for conformations about 
26 V. Crescenzi and P. J. Flory, J. Am. Chern. Soc. 86, 141 
(1964) . 
27 J. E. Mark and P. J. Flory, J. Am. Chern. Soc. 86, 13R (1964). 
28 H. A. Kramers and G. H. Wannier, Phys. Rev. 60, 252 (1941). 
2iI G. F. Newell and E. Montroll, Rev. Mod. Phys. 25, 353 
(1953) . 
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FIG. 1. Schematic representation of the all-trans conformation 
of a DMS chain of degree of polymerization x+1. Solid, heavy 
lines represent bond dipole moments, and dotted lines, bonds out 
of the plane determined by the chain skeletal atoms. 
pairs of skeletal bonds meeting at a silicon atom IS 
(2) 
The statistical weight if; appearing therein takes into 
account the possibility of significant interactions 
occuring in g±g± states (about O-Si-O bond pairs) 
which are not present in tg± states. gauche pairs 
g±g=F of opposite sign must be assigned statistical 
weights of zero because of the presence of severe 
steric repUlsions between pendant methyl groups 
in these conformations.23 
The statistical weights may be represented as Boltz-
mann factors in the energy E of the associated confor-
mations: 
u=exp( -E~/RT), 
w=exp( -E",/RT) , 




where R is the gas constant and T the absolute tem-
perature. Analysis of the chain dimensions of PDMS 
gave Ea=0.8S kcal mole-I, this positive energy arising 
from the disruption of favorable methyl-methyl inter-
actions by transitions t~g± about either Si-O or O-Si 
bonds.23 The value of the energy E"" which characterizes 
interactions between 0 atoms engendered in" g±g=F 
conformations aboutYSi-O-Si bonds, was found to be 
1.05 kcal mole-1•23 The energy Ep was assumed to be 
zero on the basis of careful consideration of the inter-
actions involved23 ; this assumption was shown to be of 
little importance because of the relative insensitivity of 
the chain dimensions to this parameter. 
Calculations of interatomic distances suggest that 
interactions involving terminal bonds, such as those 
designated ml and m,. in Fig. 1, should not differ 
markedly from interactions occurring within the chain. 
Thus, to a good approximation, Ua and Ub apply to 
Si-O-Si and O-Si-O bond pairs, respectively, regard-
less of their location along the DMS chain. 
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TABLE 1. Experimental dipole moments.-
x 25° 40° 60° 
1 0.637 0.653 0.642 
2 0.803 0. 820 0.8h 
3 0.933 0.932 0. 929 
5 1.17 1.17 1.18 
- Calculated from Ref. 24; units are debyes. 
The Configuration Partition Function and 
Mean-Square Dipole Moment 
The configuration partition function Z for the DMS 
chain shown in Fig. 1 is given by23 
(6) 
where J*=[100J and J is the transpose of [111]. The 
mean-square dipole moment (li2)0 of the chain in the 
absence of long-range interactions25 will be expressed 
relative to nm2, where n=2x+2 is the number of Si-O 
and O-Si bonds and m2 is their mean-square moment. 
The dipole moment ratio <li2 )0/ nm2 thus defined repre-
sents the factor by which the mean-square moment of 
the actual, unperturbed chain differs from that of the 
same chain in the idealization that all the skeletal bonds 
are freely jointed. Calculation of this ratio requires 
construction of right-handed Cartesian coordinate 
systems about each bond in the chain backbone.30 If 
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FIG. 2. The dipole moment ratio shown as a function of chain 
length for 25°, 40°, and 60°C. The experimental results are those 
of Dasgupta and Smyth.24 
30 H. Eyring, Phys. Rev. 39,746 (1932). 
in the plane determined by bonds i and i-I and making 
an acute angle with bond i-1, then the matrix T 
which transforms a vector in coordinate system i+ 1 
into that of system i is7 ,8 
[
cosO, sinO; 
Ti= sinO; c~s¢; -COSOi COS¢i 
sinOi sinq,i -COSOi sinq,i 
(7) 
where the bond angle supplement 0 and the rotational 
angle q, are illustrated in Fig. 1. The dipole moment 
ratio can then be calculated from7 ,8,31 
(liZ )0/nm2= 2 (Znm2)-lJ*G1(GaGb) xGaI, (8) 
where 1* is the row vector consisting of a single unity 
followed by fourteen zeros and I is the column vector 
consisting of 12 zeros followed by three unities. The 
FIG. 3. The DMS chain backbone in the planar, all-trans con-
formation. Heavy lines represent group dipoles M for each 
Si-O-Si pair of bonds. 
matrix G has the fonn3! 
G'~l: 
(U0mT) [[ T [I (tm'll 
(U0 E3) liT" U0m , (9) 
0 U i 
where the subscript on the brackets refers to all quan-
tities contained therein; U1 required in G1 is simply the 
unit matrix E3 of order three. The symbol 0 denotes 
the matrix direct product/,8 and m is the bond moment 
vector 
(10) 
31 P. J. Flory, StaJistical Mechanics of Chain Molecules (In-
terscience Publishers, Inc., New York, 1968). 
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TABLE II. Calculated results. Dependence of the mean-square dipole moment on the statistical weights and temperature. 
x a In (/L2 )/a In.,. a In~2)/a lnw aln~2)/alnf load In ~2 )/dT 
1 -0.118 0.000 
2 -0.319 -0.002 
3 -0.337 -0.007 
4 -0.304 -0.008 
5 -0.257 -0.008 
7 -0.185 -0.008 
10 -0.086 -0.004 
20 +0.001 0.000 
32 +0.064 +0.002 
512 +0.138 +0.008 








Dasgupta and Smyth24 have recently reported dielec-
tric constants for DMS oligomers corresponding to 
x= 1, 2, 3, and 5, in the undiluted liquid state, over a 
wide frequency range at 25°, 40°, and 60°C. These 
workers have demonstrated that these molecules have 
an unusually high atomic polarization; it is apparently 
the unjustified neglect of this contribution to the total 
polarization which is the cause of the inconsistencies in 
the dipole moments reported for these materials. Dipole 
moments calculated from their results are presented in 
Table I. It has been shown theoretically32 and verified 
experimentally33 that long-range interactions do not 
affect the mean-square dipole moment of a chain mole-
cule in which the group moments lie within the plane 
bisecting the bond angle of one of the skeletal atoms. 
Since DMS chains obviously meet this requirement, 
the subscript zero on (!J2)O may henceforth be deleted; 
since long-range interactions are certainly of negligible 
effect in oligomeric chains,13,25 the direct comparison of 
the experimental results of Dasgupta and Smyth with 
the theoretical results would be valid even if this struc-
tural requirement were not met. In order to facilitate 
such comparison, the square of each experimental dipole 
moment was divided by nm2• The effective dipole 
moments m along the Si-O and O-Si bonds were calcu-
lated from the dipole moment, 0.38 D,34 of hexamethyl-
disiloxane in the undiluted liquid state and the Si-O-Si 
bond angle, 143°, obtained by critical survey23 of 
structural studies on appropriate compounds. The re-
3. J. Marchal and H. Benoit, J. Chim. Phys. 52, 818 (1955)' 
J. Polymer Sci. 23, 223 (1957). ' 
33 J. Marchal and C. Lapp, J. Polymer Sci. 27, 571 (1958). 
34 S. Dasgupta, S. K. Garg, and C. P. Smyth, J. Am. Chern. 











suIt obtained is mSi-O= -mo_si=0.60 D.35 Although 
dipole moments of skeletal bonds within the chain may 
be expected to differ from those at the ends, the differ-
ence should be small,24 and it is therefore a reasonable 
approximation to use the same dipole moment, ±0.60 D, 
for Si-O and O-Si bonds irrespective of their location 
along the chain molecule. 
Experimental values of the dipole moment ratio, 
arbitrarily assigned an error limit of ±5%, are shown 
as a function of chain length and temperature in Fig. 2. 
THEORETICAL RESULTS 
Statistical weights at 25°, 40°, and 60° were obtained 
from Eqs. (3)-(5) using the conformational energies 
given above. Bond angles about Si and 0 atoms were 
taken to be 110° and 143°, respectively.23 Equation (8) 
was then used to calculate values of the dipole moment 
ratio, at each temperature, for values of x ranging from 
1-512; the results are shown in Fig. 2. The agreement 
between theory and experiment is excellent, the average 
discrepancy amounting to less than 6%. The dipole 
moment ratio is predicted to increase as x increases to 3 
but should then decrease monotonically, reaching an 
asymptotic value of approximately 0.23 in the limit of 
large x. It is unfortunate that the experimental results 
do not cover a sufficiently wide range of x to indicate 
whether the predicted maxima shown in the curves of 
Fig. 2 do in fact occur. 
The dependence of the mean-square dipole moment 
on the statistical weights was determined by extension 
of the calculations to a range of values of (J and w. 
Although it was assumed that 1/1=1 (Ey,=0) in the 
calculations described above, other values of 1/1 were 
also investigated in order to determine the effect of 
this parameter on the dipole moments. The results for 
selected values of x are given in columns two through 
four of Table II. It is immediately evident that (!J.2) 
like (r2 )0,23 is quite insensitive to 1/1. The dipole momen~ 
does, however, have a marked dependence on (J par-
ticularly in the range x= 1-5. The excellent agre~ment 
3. Das~pta and Smyth assume a Si-O-Si bond angle of 1500 
and o~ta.m Iml=0.73 D. The expression of experimental and 
th~or~tlcal results as the ratio ~2 }o/nm' minimizes the effect of 
this difference. 
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between theory and experiment therefore strongly sup-
ports the previous result that E,,=0.85 kcal mole-I, 
i.e., that trans states in DMS chains are approximately 
0.85 kcal mole-1 lower in energy than gauche states.28 
Temperature coefficients of (}.I,2) at 25°C were calcu-
lated using28 
d In (J.L2 ) (a In (J.L2) a In (J.L2 ») ) 
--- =-T-I Ina- +lnw (12 
dT a Ina- a Inw 
and the entries of Columns 2 and 3 of Table II. (The 
assignment of if; = 1 nullifies, of course, any contribution 
from this parameter.) The results are given in the final 
column of Table II. The predicted temperature coeffi-
cient is negative for small values of x, reaching a maxi-
mum magnitude at x=3; thereafter, it increases mono-
tonically, reaching a moderately large, positive value 
in the limit of large x. As can be seen from Table I and 
Fig. 2, the experimental results are of insufficient pre-
cision to permit comparison of experimental and pre-
dicted values of d In(J.L2)/dT. 
DISCUSSION 
Consideration of conformational energies and struc-
tural features of the DMS chain provides a simple 
physical picture of the configurational behavior de-
scribed in the preceding section and illustrated in Fig. 2 
and Table II. As has already been pointed out,28,86 the 
most important structural aspect of such chains is the 
regular alternation of skeletal bond angles. As a direct 
consequence, the hypothetical, planar, all-trans con-
formation of these molecules traces out a series of closed 
polygons.28 For chain molecules in which bond angle 
supplements at consecutive skeletal atoms alternate 
between (}a and (}b, the number of pairs of bonds per 
closed figure is 27r [(}a-(}b [-I. Thus, approximately 11 
repeat units are required to form a closed structure in 
the case of DMSj it is shown diagramatically in Fig. 3. 
Since the trans state is of lower energy than the gauche, 
the preferred conformational sequences will be such 
closed figures, or portions thereof. The effect of this 
preference on the dipole moments can best be seen by 
36 T. M. Birshtein, O. B. Ptitsyn, and E. A. Sokolova, Vysoko-
molekul. Soedin. 1, 852 (1959). 
considering the group dipoles M for each Si-O-Si bond 
pair. The considerable attenuation of the dipole vectors 
which occurs in such closed or partially closed conforma-
tions is the basis for the relatively low values, 0.2--0.3, 
found for (JJ.2)/nm2. Nonstatistical vectorial calcula-
tions indicate that for the all-trans conformation, addi-
tion of group dipoles beyond the fourth (x=3) dimin-
ishes the dipole moment ratio until the figure is com-
pletely closed. The effect is qualitatively apparent 
in Fig. 3 and is of course the basis for the maximum 
predicted for (J.L2)/nm2 at x=3 in Fig. 2. 
As is evident from Table II, the sign and magnitude 
of d In (J.L2)/ dT depend primarily on the effect of 
transitions t--->g± about Si-O and O-Si bonds, the effect 
of transitions involving g±gT states about Si-O--Si bond 
pairs being of minor importance. The magnitude of the 
effect of the t--->g± transitions depends of course on the 
extent to which attenuation of dipole vectors occurs in 
the oligomer under consideration. At x=3 such attenu-
ation is at a minimum, and it is therefore reasonable 
that the magnitude of d In(J.L2)/dT be a maximum at 
this point. The moderately large, positive value pre-
dicted for this coefficient in the limit of large x is un-
doubtedly due to the decrease in this attenuation 
caused by t--->g± transitions as the temperature is in-
creased. The same transitions, since they represent de-
parture from a conformation having a very small end-
to-end distance, are also the basis for the positive 
temperature coefficient of (r2)0 observed for PDMS.28,27 
The above predictions may perhaps be best tested by 
dielectric constant measurements on solutions of DMS 
oligomers, rather than by measurements on the pure 
liquids. It should be noted, however, that a large specific 
solvent effect on (r2)0 has been observed for PDMS.26,37 
This complication could cause some uncertainty in the 
interpretation of such measurements. 
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